All relevant data underlying the results of this study are available as supplemental materials.

Introduction {#sec005}
============

Diabetes *mellitus* (DM) is a chronic disease that affects more than 422 million people worldwide. Moreover, in the recent decades, the prevalence of DM has increased from 4.7% in 1980 to 8.5% in 2014 \[[@pone.0220000.ref001]\]. As a consequence, DM-associated foot ulcers (DFUs) prevalence has also increased \[[@pone.0220000.ref002]\]. These ulcers result from consequence of a complex interaction of several pathophysiological factors, mainly neuropathy, vasculopathy and immunopathy \[[@pone.0220000.ref003]\], being observed that approximately 15 to 25% of patients with DM develop DFUs in their lifetime \[[@pone.0220000.ref004]\].

Around half of DFUs become clinically infected, usually by opportunistic pathogens \[[@pone.0220000.ref005]\]. Diabetic foot infections (DFIs) are a frequent and complex problem that causes severe morbidity, including distress, and reduced physical and psychological quality of life. DFI treatment requires wound care, antimicrobial therapy, and often surgical procedures \[[@pone.0220000.ref002]\]. As a result, DFIs are the most common diabetic complication requiring hospitalization and the world's leading cause of nontraumatic lower extremity amputation \[[@pone.0220000.ref006]\].

DFIs are caused by a polymicrobial community of pathogens, mainly formed by Gram-positive bacteria, with *Staphylococcus aureus* being the most prevalent species \[[@pone.0220000.ref004]--[@pone.0220000.ref005],[@pone.0220000.ref007]\]. This commensal bacterium is known to asymptomatically colonize the human skin and mucosal surfaces, being permanently present in 20 to 30% of the population, while other 30% are transient carriers \[[@pone.0220000.ref008]\].

*S*. *aureus* is recognized for its ability to develop resistance to different antibiotic classes and infections caused by antibiotic resistant *S*. *aureus* strains are globally reaching epidemic proportions \[[@pone.0220000.ref009]\]. In fact, a key problem in DFI treatment is the increasing incidence of antibiotic resistant pathogens, particularly Methicillin-Resistant *S*. *aureus* (MRSA) \[[@pone.0220000.ref010]--[@pone.0220000.ref011]\]. Among hospitalized patients, the prevalence of MRSA in DFIs can range from 15 to 30% \[[@pone.0220000.ref004]\].

Another important *S*. *aureus* virulence factor responsible for antibiotic therapeutic failure in DFIs is the formation of biofilms \[[@pone.0220000.ref012]\]. These slime-enclosed aggregates of sessile bacteria are embedded within a self-produced matrix of extracellular polymeric substances and irreversibly attached to surfaces \[[@pone.0220000.ref013]\]. Due to ineffective diffusion or sequestering of antimicrobial agents within the biofilm, these bacterial communities demonstrate great resistance to most antibacterial agents as well as to host defenses \[[@pone.0220000.ref014]\].

Currently, the treatment of infected DFUs consists of surgical debridement followed by wound cleansing with an antiseptic solution and antibiotics administration \[[@pone.0220000.ref006]\]. A wide variety of antiseptics is available, being chlorhexidine one of the most frequently used in DFIs \[[@pone.0220000.ref015]\]. It is widely used worldwide for skin antisepsis and daily skin cleansing with chlorhexidine has been used to control *S*. *aureus* infections, including MRSA outbreaks \[[@pone.0220000.ref016]\]. Additionally, chlorhexidine has also shown some ability to inhibit microorganism's adherence to surfaces, thereby preventing the growth and development of biofilms \[[@pone.0220000.ref017]--[@pone.0220000.ref018]\].

Antibiotics administration for DFI treatment can be performed oral or intravenously, depending on the severity of infection. According to the guidelines for the medical management of DFI from Lipsky et al., \[[@pone.0220000.ref002],[@pone.0220000.ref006]\], Chidiac et al., \[[@pone.0220000.ref019]\], Bader \[[@pone.0220000.ref020]\], and Duarte and Gonçalves \[[@pone.0220000.ref021]\], the antibiotics of choice for mild, moderate and severe DFI are, respectively, clindamycin (450 mg, 8/8h, oral), gentamicin (5 mg/kg, 24/24h, intravenous) and vancomycin (30 mg/kg, 12/12h, intravenous).

Clindamycin has been considered a first line choice for the treatment of various skin and soft tissue infections, like DFIs. It can also be used for the treatment of moderate and severe DFI, but in such cases it should be combined with other antibiotics from different classes \[[@pone.0220000.ref002],[@pone.0220000.ref019]--[@pone.0220000.ref020]\], Gentamicin is commonly used for the prophylaxis and treatment of moderate and severe DFI \[[@pone.0220000.ref019],[@pone.0220000.ref021]\], while vancomycin use is reserved for cases of severe infection, being considered a last resource antibiotic against MRSA infections \[[@pone.0220000.ref022]\].

As the DFI treatments available are often ineffective \[[@pone.0220000.ref023]\], new therapeutic strategies for DFI treatment are urgent and the application of topical antimicrobial peptides (AMPs) may be a useful complement or alternative to conventional treatments. These molecules are produced by living organisms as part of their immune response against pathogens \[[@pone.0220000.ref024]\], can act as modulators of the immune system \[[@pone.0220000.ref025]\], and are able to prevent biofilm formation and act on pre-formed biofilms \[[@pone.0220000.ref026]--[@pone.0220000.ref027]\], supporting their potential as DFI therapeutic agents.

Nisin is an AMP produced by *Lactococcus lactis*, whose spectrum of activity includes a wide range of Gram-positive bacteria, including *S*. *aureus* \[[@pone.0220000.ref027]--[@pone.0220000.ref028]\]. In 1969, this bacteriocin was considered safe for use as a food preservative by the Food and Agriculture Organization and World Health Organization, being also approved by the US Food and Drug Administration in 1988. Nowadays, it is used in over 48 countries \[[@pone.0220000.ref029]\].

Considering that AMPs can be degraded or inactivated before reaching their target at therapeutic concentrations \[[@pone.0220000.ref030]\], it is mandatory to establish effective AMP delivery systems, with the natural polysaccharide guar gum being one of the most promising \[[@pone.0220000.ref027]\]. A previous work conducted by our team demonstrated that a biogel formed by nisin incorporated in guar gum not only presented a high level of antimicrobial activity against planktonic *S*. *aureus* DFI isolates, but most importantly, it was able to inhibit and eradicate biofilm-based bacteria, including those formed by MRSA and MDR clinical strains \[[@pone.0220000.ref027]\].

Although AMPs represent a potential novel strategy for DFI treatment, conventional antibiotics remain the standard therapeutic protocols and cannot be fully replaced at the present. Considering that AMPs can be used in combination with antibiotics \[[@pone.0220000.ref031]\], this work aimed at evaluating the potential of the previously developed nisin-biogel \[[@pone.0220000.ref027]\] in enhancing the efficacy of DFI treatment based on conventional antibiotics and antiseptics, using *S*. *aureus* clinical isolates as bacterial models, and an innovative protocol to simulate *in vitro* the application of currently accepted DFI therapeutic protocols.

Materials and methods {#sec006}
=====================

Bacterial strains {#sec007}
-----------------

Isolates were obtained in a previous epidemiological survey regarding DFU infections, conducted at 4 clinical centers in Lisbon from January to June 2010 \[[@pone.0220000.ref005]\]. A total of 53 staphylococci were collected from 49 DFU patients, from which 23 representative biofilm-producing *S*. *aureus* isolates were selected, based on Pulse Field Gel Electrophoresis (PFGE) and Multilocus Sequence Type (MLST) profiling \[[@pone.0220000.ref010]\]. In addition, a biofilm-producing reference strain, *S*. *aureus* ATCC 29213, was also included in this study as a control strain.

The antimicrobial resistance profile of these strains was previously characterized through determination of the Minimal Inhibitory Concentration (MIC) for ten antibiotics and by multiplex PCR for detection of the following genes: *mecA*, *mecC*, *erma*, *ermB*, *ermC*, *blaZ*, *msrA*, *aac-aph*, *tetK*, *tetL*, *tetM*, *tetO* and *norA*. It was observed that 35% (n = 8) of the isolates were MRSA and 30% (n = 7) were considered to be multidrug resistant \[[@pone.0220000.ref010]\]. All of these strains (n = 23) were classified as biofilm-producers \[[@pone.0220000.ref032]\].

Isolates were stored at -80°C in buffered peptone water supplemented with 20% (v/v) of glycerol.

Chlorhexidine Minimum Inhibitory (MIC) and Bactericidal (MBC) Concentrations {#sec008}
----------------------------------------------------------------------------

Strains were grown in a non-selective Brain Heart Infusion (BHI) agar medium (VWR, Belgium) at 37°C for 24 h. Bacterial suspensions of approximately 10^8^ c.f.u./mL were prepared directly from plate cultures using a 0.5 McFarland standard (bioMèrieux, France) in sterile normal saline (Scharlau, Spain). Afterwards, bacterial suspensions were diluted in fresh BHI broth to a concentration of 10^7^ c.f.u./mL.

A stock solution of chlorhexidine at 4% (w/v) (AGA, Portugal) was filtered using a 0.22 μm cellulose acetate membrane filter (VWR, Belgium) and diluted in sterile water to obtain a set of solutions with concentrations ranging from 0.15 to 70 μg/mL. Solutions were stored protected from the light at 22°C until use.

The set of chlorhexidine solutions were distributed in 96-well flat-bottomed polystyrene microtitre plates (Nunc; Thermo Fisher Scientific, Denmark). All the wells, except for the negative control (with broth medium only), were inoculated with 150 μL of the 10^7^ c.f.u./mL bacterial suspensions. Microplates were incubated statically for 24 h at 37°C, and MIC was determined as the lowest concentration of chlorhexidine that visually inhibited bacterial growth \[[@pone.0220000.ref033]\].

MBC value was determined by inoculating on BHI agar plates 3 μL of the suspensions from the wells where no bacterial growth was observed. Plates were incubated at 37°C for 24 h and MBC was determined as the lowest chlorhexidine concentration from which no bacterial colonies were observed \[[@pone.0220000.ref034]\].

Experiments were conducted in triplicate, and independent replicates were performed at least three times in different days.

Antimicrobials solutions {#sec009}
------------------------

A stock solution of nisin (1000 μg/mL) was obtained by dissolving 1 g of nisin powder (2.5% purity Sigma-Aldrich, USA) in 25 mL of HCl (0.02 M) (Merck, Germany), filtered using a 0.22 μm cellulose acetate membrane filter and stored at 4°C. The stock solution was then diluted with sterile water to a concentration of 45 μg/mL.

A guar gum gel 1.5% (w/v) was prepared by dissolving 0.6 g of guar gum (Sigma-Aldrich, USA) in 40 mL of sterile distilled water and heat sterilized by autoclave. The solution of nisin was incorporated within the guar gum gel in a proportion of 1:1, obtaining a final 0.75% (w/v) biogel with 22.5 μg/mL of nisin.

Regarding antibiotics solutions, 6.6, 4.76 and 10.62 mg of Clindamycin (Cayman, USA), Gentamicin (PanReac AppliChem, USA) and Vancomycin (PanReac AppliChem, USA), respectively, were dissolved in 10 mL of sterile water and filtered through a 0.22 μm cellulose acetate membrane filter. Stock solutions were kept frozen at -80°C and diluted to the final concentrations of 0.033 μg/mL for clindamycin, 0.238 μg/mL for gentamicin and 0.531 μg/mL for vancomycin, prior to utilization.

*In vitro* evaluation of the inhibitory action of combined antimicrobial {#sec010}
------------------------------------------------------------------------

An innovative *in vitro* protocol ([Fig 1](#pone.0220000.g001){ref-type="fig"}) was designed to mimic currently accepted DFI therapeutic protocols, aiming at evaluating the combined action of the antiseptic chlorhexidine, the AMP nisin and the antibiotics clindamycin, gentamicin and vancomycin against the DFI staphylococci under study.

![Schematic representation of the protocol developed to study the susceptibility of diabetic foot infection *Staphylococcus aureus* biofilms to different antimicrobial compounds combinations.\
The schematic representation shows the treatment combination when all three antimicrobials, chlorhexidine, nisin guar gum gel and antibiotics, are applied.](pone.0220000.g001){#pone.0220000.g001}

Strains were grown in a non-selective BHI agar medium at 37°C for 24 h. Bacterial suspensions of approximately 10^8^ c.f.u./mL were prepared directly from plate cultures using a 0.5 McFarland standard in sterile normal saline and then diluted in Tryptic Soy Broth (TSB) (VWR, Belgium) medium supplemented with 0.25% (w/v) glucose (Merck, USA), to a concentration of 10^6^ c.f.u./mL. A 200 μL volume of each bacterial suspension was distributed in a 96-well flat-bottomed polystyrene microtiter plate, covered with 96-peg polystyrene lid (Nunc, Thermo Fisher Scientific, Denmark) and incubated statically for 24 h at 37°C, to allow biofilm formation on the pegs surface. After establishment of *S*. *aureus* biofilms, the peg lid was rinsed periodically using different combinations of antiseptic, nisin, and antibiotics solutions, in order to evaluate the inhibitory potential of fifteen different combinations of antimicrobials, as follows: Chlorhexidine (Chx), nisin-biogel (NBG), nisin-biogel plus chlorhexidine (NBG+Chx), clindamycin (Cli), clindamycin plus chlorhexidine (Cli+Chx), clindamycin plus nisin-biogel (Cli+NBG), clindamycin plus chlorhexidine plus nisin-biogel (Cli+Chx+NBG), gentamicin (Gen), gentamicin plus chlorhexidine (Gen+Chx), gentamicin plus nisin-biogel (Gen+NBG), gentamicin plus chlorhexidine plus nisin-biogel (Gen+Chx+NBG), vancomycin (Van), vancomycin plus chlorhexidine (Van+Chx), vancomycin plus nisin-biogel (Van+NBG) and vancomycin plus chlorhexidine plus nisin-biogel (Van+Chx+NBG).

Positive (bacterial suspensions in broth medium with no antimicrobials) and negative (broth medium only) controls were also included in the assays.

The concentration of antimicrobials used corresponded to the MIC values obtained both in this experiment and in previous studies ([Table 1](#pone.0220000.t001){ref-type="table"}).

10.1371/journal.pone.0220000.t001

###### Minimum Inhibitory Concentration (MIC) Values of the Antimicrobial Solutions Chlorhexidine, Nisin-Biogel, Clindamycin, Gentamicin and Vancomycin Regarding the Diabetic Foot Infection *Staphylococcus aureus* Isolates Under Study.

![](pone.0220000.t001){#pone.0220000.t001g}

  Class                   Antimicrobial   MIC (μg/mL)   Reference
  ----------------------- --------------- ------------- -----------------------
  Antiseptic              Chlorhexidine   6             Present study
  Antimicrobial Peptide   Nisin-biogel    22.5          Santos et al., 2016
  Antibiotic              Clindamycin     0.033         Mottola et al., 2016c
  Gentamicin              0.238                         
  Vancomycin              0.531                         

MIC, minimum inhibitory concentration

First, biofilm-covered peg lids were rinsed three times in 0.9% NaCl (w/v) for 15 seconds, to remove planktonic bacteria; then placed in chlorhexidine (6 μg/mL) during 15 seconds; then placed in the nisin-biogel (22.5 μg/mL) for 3 minutes; and finally incubated in an empty microplate during 30 minutes to allow the biogel to dry. Afterwards, peg lids were placed in 96-well flat-bottomed polystyrene microtiter plates containing fresh TSB + 0.25% glucose medium supplemented with the antibiotics clindamycin (0.033 μg/mL), gentamicin (0.238 μμg/mL) or vancomycin (0.531 μg/mL). Microplates were incubated at 37°C during 8 h, after which the protocol cycle was repeated. A total of three cycles were performed, corresponding to a 24 h period.

When a treatment combination did not include chlorhexidine or nisin-biogel, the peg lid was placed in an empty microplate during the corresponding incubation period. When a treatment combination did not include antibiotics, the peg lid was placed in non-supplemented TSB broth.

The inhibitory effect of the antimicrobials was determined by removing the peg lids and determining the optical density (OD) at 600 nm of the suspensions in the 96 well-plate using a microplate reader (BGM LABTECH, Germany). Then, the peg lids where rinsed three more times in 0.9% NaCl, placed in new microplates containing only 200 μL of fresh TSB + 0.25% glucose medium and incubated in an ultrasound bath (Grant MXB14, England), at 50 Hz for 15 minutes, in order to disperse the biofilm-based bacteria from the pegs surface. Afterwards, peg lids were discarded and microplates were covered with normal lids and incubated for 24 h at 37°C to allow the growth of surviving bacterial cells. The biofilm eradication effect was determined through measurement of the OD (600 nm) of these overnight suspensions.

Experiments were conducted in triplicate, and independent replicates were performed at least three times in different days.

Statistical analysis {#sec011}
--------------------

Statistical analysis was performed using the IBM SPSS Statistics V20 Software for Windows. Minimum, maximum, mean and standard deviation values were determined for all quantitative variables. Differences between MIC and MBC values were evaluated using the T-test.

Analysis of variance (ANOVA) for Randomized Complete Block Design (RCBD) was used to analyze the variables studied and post-hoc comparisons were assessed using Least Significant Differences tests. The OD results obtained in the biofilm inhibition and eradication assays were evaluated in order to determine the most effective combination of antimicrobial compounds. Each combination was considered a different treatment and all the *S*. *aureus* strains (each strain acting as a block) were exposed to all the different treatments. A two-tailed *p* value ≤ 0.05 was considered to be statistically significant in all the applied tests.

Results {#sec012}
=======

Chlorhexidine MIC and MBC values {#sec013}
--------------------------------

Chlorhexidine MIC and MBC values are presented in [Table 2](#pone.0220000.t002){ref-type="table"}. MIC values ranged from 1.4 to 7.0 μg/mL, with an average value of 5.7±1.5 μg/mL; MBC values ranged from 9.8 to 68.8 μg/mL, with an average value of 15.5±14.9 μg/mL. MIC and MBC are statistically different (*p* value = 0.004), as determined through a paired sample T-test.

10.1371/journal.pone.0220000.t002

###### Chlorhexidine Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) Values Regarding *Staphylococcus aureus* Diabetic Foot Infection Strains.

![](pone.0220000.t002){#pone.0220000.t002g}

  Strain (n = 24)   MIC (μg/mL)   MBC (μg/mL)   
  ----------------- ------------- ------------- ------
  A 1.1             MRSA          5.6           9.8
  A 5.2                           4.2           9.8
  A 6.3                           4.2           39.2
  B 3.2                           5.6           9.8
  B 3.3                           5.6           9.8
  B 7.3             MRSA; MDR     7.0           68.6
  B 13.1            MRSA; MDR     7.0           9.8
  B 14.2            MRSA; MDR     5.6           9.8
  S 1.1             MRSA; MDR     7.0           19.6
  S 2.2                           7.0           9.8
  S 3.1                           7.0           9.8
  S 5.2                           4.2           9.8
  S 12.2                          1.4           9.8
  S 14.1                          4.2           9.8
  S 16.1            MRSA; MDR     4.2           9.8
  S 17.2                          4.2           9.8
  S 21.1            MRSA; MDR     7.0           9.8
  S 21.3            MRSA; MDR     7.0           9.8
  S 23.2                          4.2           9.8
  S 25.2                          7.0           9.8
  S 27.2                          7.0           9.8
  S 27.3                          7.0           49.0
  S 32.2                          7.0           9.8
  ATCC 29213                      7.0           9.8
  Mean                            5.7           15.5
  Minimum                         1.4           9.8
  Maximum                         7.0           68.6
  Std. Dev.                       1.5           14.9

A, aspirate; ATCC, american type culture collection; B, biopsy; MDR, multidrug resistant; MRSA, methicillin resistant *Staphylococcus aureus*; S, swab; Std. Dev., standard deviation.

Antimicrobial agents are classified as bactericidal if the MBC value is no more than four times higher than their MIC value \[[@pone.0220000.ref035]\]. Chlorhexidine mean MBC was 2.72-fold higher than the mean MIC; therefore, chlorhexidine can be considered as a bactericidal agent against the *S*. *aureus* strains used in this study.

*In vitro* evaluation of the inhibitory action of combined antimicrobials {#sec014}
-------------------------------------------------------------------------

Growth rates were approximately the same between all strains under study. Considering that bacterial suspensions OD values are directly related to their biomass, the OD of each suspension after incubation with the different antimicrobial combinations was measured to compare their efficacy and to determine which antimicrobial combinations exhibited the higher biofilm inhibition and eradication levels (Figs [2](#pone.0220000.g002){ref-type="fig"} and [3](#pone.0220000.g003){ref-type="fig"}; Tables [3](#pone.0220000.t003){ref-type="table"} and [4](#pone.0220000.t004){ref-type="table"}).

![Inhibitory activity of antimicrobial compounds, alone or in combination, against biofilms formed by diabetic foot infection *Staphylococcus aureus* isolates.\
C +, positive control; Chx, chlorohexidine (6 μg/mL); Cli, clindamycin (0.033 μg/mL); Gen, gentamicin (0.238 μg/mL); NBG, nisin-biogel (22.5 μg/mL); Van, vancomycin (0.531 μg/mL). The means (x) and standard deviations of three independent determinations are presented. The negative control mean optical density value was 0.101.](pone.0220000.g002){#pone.0220000.g002}

![Eradication activity of different antimicrobial compounds, alone or in combination, against biofilms formed by diabetic foot infection *Staphylococcus aureus* isolates.\
C +, positive control; Chx, chlorohexidine (6 μg/mL); Cli, clindamycin (0.033 μg/mL); Gen, gentamicin (0.238 μg/mL); NBG, nisin-biogel (22.5 μg/mL); Van, vancomycin (0.531 μg/mL). The means (x) and standard deviations of three independent determinations are presented. The negative control mean optical density value was 0.101.](pone.0220000.g003){#pone.0220000.g003}

10.1371/journal.pone.0220000.t003

###### Inhibitory activity of different antimicrobial compounds combinations against diabetic foot infection *Staphylococcus aureus* biofilms.
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  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  A B                C+          Chx        NBG        Chx+\      Cli         Cli+Chx     Cli+NBG     Cli+Chx+ NBG   Gen         Gen+Chx     Gen+\       Gen+Chx+NBG   Van         Van+Chx     Van+\       Van+Chx+NBG
                                                       NBG                                                                                   NBG                                               NBG         
  ------------------ ----------- ---------- ---------- ---------- ----------- ----------- ----------- -------------- ----------- ----------- ----------- ------------- ----------- ----------- ----------- -------------
  **C+**             **A---B**   0.0551     0.3900     0.4122     0.0286      0.1086      0.3846      0.4027         0.0721      0.1014      0.3722      0.3997        0.0912      0.1744      0.3676      0.3568

  ***p* value**      0.008       \< 0.001   \< 0.001   0.164      \< 0.001    \< 0.001    \< 0.001    0.001          \< 0.001    \< 0.001    \< 0.001    \< 0.001      \< 0.001    \< 0.001    \< 0.001    

  **Chx**                                   0.3349     0.3570     \- 0.0264   0.0534      0.3294      0.3475         0.0169      0.0462      0.3170      0.3445        0.0360      0.1192      0.3124      0.3016

                                 \< 0.001   \< 0.001   0.199      0.010       \< 0.001    \< 0.001    0.409          0.025       \< 0.001    \< 0.001    0.081         \< 0.001    \< 0.001    \< 0.001    

  **NBG**                                              0.0221     \- 0.3614   \- 0.2814   \- 0.0054   0.0126         \- 0.3179   \- 0.2886   \- 0.0178   0.0096        \- 0.2988   \- 0.2156   \- 0.0224   \- 0.0332

                                            0.283      \< 0.001   \< 0.001    0.791       0.539       \< 0.001       \< 0.001    0.385       0.640       \< 0.001      \< 0.001    0.276       0.107       

  **Chx+**\                                                       \- 0.3835   \- 0.3035   \- 0.0275   \- 0.0094      \- 0.3400   \- 0.3107   \- 0.0400   \- 0.0124     \- 0.3210   \- 0.2378   \- 0.0445   \- 0.0553
  **NBG**                                                                                                                                                                                                  

                                                       \< 0.001   \< 0.001    0.181       0.645       \< 0.001       \< 0.001    0.053       0.544       \< 0.001      \< 0.001    0.031       0.007       

  **Cli**                                                                     0.0799      0.3559      0.3740         0.0434      0.0727      0.3435      0.3710        0.0625      0.1457      0.3389      0.3281

                                                                  \< 0.001    \< 0.001    \< 0.001    0.035          \< 0.001    \< 0.001    \< 0.001    0.003         \< 0.001    \< 0.001    \< 0.001    

  **Cli+Chx**                                                                             0.2759      0.2940         \- 0.0364   \- 0.0071   0.2635      0.2910        \- 0.0174   0.0657      0.2590      0.2481

                                                                              \< 0.001    \< 0.001    0.077          0.727       \< 0.001    \< 0.001    0.397         0.002       \< 0.001    \< 0.001    

  **Cli+NBG**                                                                                         0.0180         \- 0.3124   \- 0.2831   \- 0.0124   0.0150        \- 0.2934   \- 0.2102   \- 0.0169   \- 0.0278

                                                                                          0.380       \< 0.001       \< 0.001    0.546       0.464       \< 0.001      \< 0.001    0.410       0.177       

  **Cli+Chx+ NBG**                                                                                                   \- 0.3305   \- 0.3012   \- 0.0305   \- 0.0030     \- 0.3115   \- 0.2283   \- 0.0350   \- 0.0458

                                                                                                      \< 0.001       \< 0.001    0.139       0.884       \< 0.001      \< 0.001    0.089       0.026       

  **Gen**                                                                                                                        0.0293      0.3000      0.3275        0.0190      0.1022      0.2955      0.2846

                                                                                                                     0.155       \< 0.001    \< 0.001    0.355         \< 0.001    \< 0.001    \< 0.001    

  **Gen+Chx**                                                                                                                                0.2707      0.2982        \- 0.0102   0.0729      0.2661      0.2553

                                                                                                                                 \< 0.001    \< 0.001    0.618         \< 0.001    \< 0.001    \< 0.001    

  **Gen+**\                                                                                                                                              0.0275        \- 0.2810   \- 0.1977   \- 0.0045   \- 0.0153
  **NBG**                                                                                                                                                                                                  

                                                                                                                                             0.182       \< 0.001      \< 0.001    0.825       0.455       

  **Gen+Chx+NBG**                                                                                                                                                      \- 0.3085   \- 0.2253   \- 0.0320   \- 0.0428

                                                                                                                                                         \< 0.001      \< 0.001    0.120       0.038       

  **Van**                                                                                                                                                                          0.0832      0.2764      0.2656

                                                                                                                                                                       \< 0.001    \< 0.001    \< 0.001    

  **Van+Chx**                                                                                                                                                                                  0.1932      0.1824

                                                                                                                                                                                   \< 0.001    \< 0.001    

  **Van+**\                                                                                                                                                                                                \- 0.0108
  **NBG**                                                                                                                                                                                                  

                                                                                                                                                                                               0.599       

  **Van+Chx+NBG**                                                                                                                                                                                           

                                                                                                                                                                                                           
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Differences (A-B) between the optical density means presented by each treatment combination were assessed using Fisher's least significant differences test. Significant differences (*p* ≤ 0.05) are highlighted (grey box). Chx, chlorohexidine (6 μg/mL); Cli, clindamycin (0.033 μg/mL); Gen, gentamicin (0.238 μg/mL); NBG, nisin-biogel (22.5 μg/mL); Van, vancomycin (0.531 μg/mL).

10.1371/journal.pone.0220000.t004

###### Eradication activity of different antimicrobial compounds combinations against diabetic foot infection *Staphylococcus aureus* biofilms.
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  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  A B                C+          Chx        NBG        Chx+\      Cli         Cli+Chx    Cli+NBG     Cli+Chx+ NBG   Gen         Gen+Chx     Gen+\       Gen+Chx+NBG   Van         Van+Chx    Van+\       Van+Chx+NBG
                                                       NBG                                                                                  NBG                                              NBG         
  ------------------ ----------- ---------- ---------- ---------- ----------- ---------- ----------- -------------- ----------- ----------- ----------- ------------- ----------- ---------- ----------- -------------
  **C+**             **A---B**   0.0534     0.0910     0.0953     0.0726      0.1416     0.1210      0.1281         0.0827      0.1019      0.0751      0.0351        0.1004      0.1537     0.0867      0.0678

  ***p* value**      0.002       \< 0.001   \< 0.001   \< 0.001   \< 0.001    \< 0.001   \< 0.001    \< 0.001       \< 0.001    \< 0.001    0.036       \< 0.001      \< 0.001    \< 0.001   \< 0.001    

  **Chx**                                   0.0376     0.0419     0.0192      0.0882     0.0676      0.0847         0.0293      0.0485      0.0217      \- 0.0182     0.0470      0.1003     0.0333      0.0144

                                 0.025      0.013      0.250      \< 0.001    \< 0.001   \< 0.001    0.080          0.004       0.194       0.277       0.005         \< 0.001    0.047      0.389       

  **NBG**                                              0.0043     \- 0.0183   0.0506     0.0299      0.0471         \- 0.0082   0.0109      \- 0.0158   \- 0.0558     0.0094      0.0627     \- 0.0043   \- 0.0231

                                            0.796      0.274      0.003       0.074      0.005       0.623          0.515       0.344       0.001       0.573         \< 0.001    0.797      0.167       

  **Chx+**\                                                       \- 0.0226   0.0463     0.0256      0.0428         \- 0.0125   0.0065      \- 0.0201   \- 0.0601     0.0051      0.0584     \- 0.0086   \- 0.0275
  **NBG**                                                                                                                                                                                                

                                                       0.176      0.006       0.126      0.011       0.453          0.694       0.229       0.001       0.760         0.001       0.606      0.101       

  **Cli**                                                                     0.0689     0.0483      0.0654         0.0100      0.0292      0.0024      \- 0.0375     0.0277      0.0810     0.0140      \- 0.0048

                                                                  \< 0.001    0.004      \< 0.001    0.547          0.081       0.882       0.026       0.098         \< 0.001    0.402      0.772       

  **Cli+Chx**                                                                            \- 0.0206   \- 0.0034      \- 0.0588   \- 0.0397   \- 0.0664   \- 0.1064     \- 0.0412   0.0120     \- 0.0549   \- 0.0738

                                                                              0.218      0.835       \< 0.001       0.018       \< 0.001    \< 0.001    0.014         0.470       0.001      \< 0.001    

  **Cli+NBG**                                                                                        0.0171         \- 0.0382   \- 0.0190   \- 0.0458   \- 0.0858     \- 0.0205   0.0327     \- 0.0342   \- 0.0531

                                                                                         0.305       0.023          0.255       0.006       \< 0.001    0.220         0.051       0.041      0.002       

  **Cli+Chx+ NBG**                                                                                                  \- 0.0553   \- 0.0362   \- 0.0630   \- 0.1029     \- 0.0377   0.0155     \- 0.0514   \- 0.0703

                                                                                                     0.001          0.031       \< 0.001    \< 0.001    0.025         0.352       0.002      \< 0.001    

  **Gen**                                                                                                                       0.0191      \- 0.0076   \- 0.0476     0.0176      0.0709     0.0039      \- 0.0149

                                                                                                                    0.253       0.649       0.005       0.292         \< 0.001    0.814      0.372       

  **Gen+Chx**                                                                                                                               \- 0.0267   \- 0.0667     \- 0.0014   0.0518     \- 0.0152   \- 0.0340

                                                                                                                                0.111       \< 0.001    0.929         0.002       0.364      0.042       

  **Gen+**\                                                                                                                                             \- 0.0399     0.0252      0.0785     0.0115      \- 0.0073
  **NBG**                                                                                                                                                                                                

                                                                                                                                            0.017       0.132         \< 0.001    0.490      0.662       

  **Gen+Chx+NBG**                                                                                                                                                     0.0652      0.1185     0.0515      0.0326

                                                                                                                                                        \< 0.001      \< 0.001    0.002      0.052       

  **Van**                                                                                                                                                                         0.0533     \- 0.0137   \- 0.0326

                                                                                                                                                                      0.002       0.412      0.052       

  **Van+Chx**                                                                                                                                                                                \- 0.0670   \- 0.0859

                                                                                                                                                                                  \< 0.001   \< 0.001    

  **Van+**\                                                                                                                                                                                              \- 0.0188
  **NBG**                                                                                                                                                                                                

                                                                                                                                                                                             0.260       

  **Van+Chx+NBG**                                                                                                                                                                                         

                                                                                                                                                                                                         
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Differences (A-B) between the optical density means presented by each treatment combination were assessed using Fisher's least significant differences test. Significant differences (*p* ≤ 0.05) are highlighted (grey box). Chx, chlorohexidine (6 μg/mL); Cli, clindamycin (0.033 μg/mL); Gen, gentamicin (0.238 μg/mL); NBG, nisin-biogel (22.5 μg/mL); Van, vancomycin (0.531 μg/mL).

First, inhibitory activity of the individual antimicrobial compounds alone was evaluated. Results showed that the nisin-biogel presented the highest level of biofilm inhibition, followed by the antibiotics vancomycin and gentamicin ([Fig 2](#pone.0220000.g002){ref-type="fig"}). Clindamycin had the lowest biofilm-inhibitory effect and no significant differences were detected between the OD of the suspension incubated with this antibiotic and the positive control ([Table 3](#pone.0220000.t003){ref-type="table"}). When chlorhexidine was applied alone, its inhibitory activity against the biofilm-producing *S*. *aureus* strains was very similar to the inhibitory activity presented by the different antibiotics, as no significant differences were observed between results (*p* value \> 0.05) ([Table 3](#pone.0220000.t003){ref-type="table"}). Regarding the inhibitory action of the antimicrobial combinations tested, the higher inhibitory effect was presented by the combined application of chlorhexidine and nisin-biogel. Furthermore, when combined with the biogel, all antibiotics presented a significantly higher (*p* value \< 0.05) antibiofilm ability ([Fig 2](#pone.0220000.g002){ref-type="fig"}, [Table 3](#pone.0220000.t003){ref-type="table"}). No relevant differences were detected between the antibiotic resistant and the antibiotic susceptible strains under study. Treatment combinations that included nisin-biogel were the most effective regarding biofilm inhibition for all isolates tested ([S1A Table](#pone.0220000.s001){ref-type="supplementary-material"}).

Concerning the biofilm eradication assay, the OD values obtained after the application of the different antimicrobial compounds presented an uniform distribution and were significantly higher than those observed in the biofilm inhibition assay ([Fig 3](#pone.0220000.g003){ref-type="fig"}, [Table 4](#pone.0220000.t004){ref-type="table"}). For individual compounds, the lowest OD values, which correspond to the highest eradication effect, were obtained after incubation with vancomycin, followed by incubation with nisin-biogel, gentamicin and clindamycin. There were no relevant differences between results, as all antimicrobial compounds presented a similar eradication effect of *S*. *aureus* biofilms. As observed in the biofilm inhibition results, no relevant differences were detected between antibiotic resistant and antibiotic susceptible strains under study ([S1B Table](#pone.0220000.s001){ref-type="supplementary-material"}).

Regarding biofilm eradication, results suggest that chlorhexidine and nisin-biogel increased the eradication potential of the other compounds, as the highest effects were presented by the following combinations: vancomycin plus chlorhexidine, clindamycin plus chlorhexidine, clindamycin plus chlorhexidine plus nisin-biogel and clindamycin plus nisin-biogel.

Discussion {#sec015}
==========

Diabetes *mellitus* is a serious public health problem, being one of four priority noncommunicable diseases \[[@pone.0220000.ref001]\]. Foot skin ulceration is one of the most frequent and costly complications of diabetes, being frequently infected by pathogenic microorganisms \[[@pone.0220000.ref006]\].

Diabetic foot infections have a multifactorial etiology, being *S*. *aureus* the most prevalent pathogen isolated from these wounds \[[@pone.0220000.ref004]--[@pone.0220000.ref005]\]. The emergence of antibiotic resistant and biofilm-forming *S*. *aureus* strains, together with the impairment of conventional antibiotic-based DFI therapeutics, emphasis the importance of developing novel therapeutic protocols for DFI management. This work analyzed the potential of the antiseptic chlorhexidine and the AMP nisin to be applied together with conventional antibiotics in DFI treatment.

Chlorhexidine is a widely used antiseptic agent with high antimicrobial activity \[[@pone.0220000.ref036]\]. Chlorhexidine MIC and MBC values obtained showed that chlorhexidine presented inhibitory and eradication action against the *S*. *aureus* strains under study at concentrations below 0.05% (500 μg/mL), the concentration established for wound cleansing \[[@pone.0220000.ref037]--[@pone.0220000.ref038]\].

The higher chlorhexidine MIC and MBC values regarding isolate B7.3 can be related to the fact of it being a MRSA and MDR strain. This strain harbors the antibiotic resistance gene *norA* \[[@pone.0220000.ref039]\], which presence is associated with increased resistance to antiseptic agents such as chlorhexidine \[[@pone.0220000.ref040]\]. Nonetheless, previous studies suggest that daily chlorhexidine bathing can reduce the acquisition of MRSA in intensive care unit patients \[[@pone.0220000.ref041]\]. In fact, chlorhexidine antimicrobial effects are persistent, mainly due to its ability to strongly bind to proteins present in the skin and mucosal surfaces \[[@pone.0220000.ref042]\]. The uptake of chlorhexidine by bacteria is extremely rapid, with a maximum effect occurring within 15 to 30 seconds \[[@pone.0220000.ref043]\] and, in contrast with other antiseptic agents, the residual antimicrobial activity of chlorhexidine is not affected by the presence of body fluids or blood \[[@pone.0220000.ref044]\]. Thus, chlorhexidine can be recommended for DFI wound cleansing.

The bacterial biofilm mode of growth is a major cause for the failure of conventional DFI antibiotherapy. It has been estimated that biofilm-based bacteria can tolerate antimicrobial agents at concentrations 10 to 1000-times higher than their genetically equivalent planktonic forms \[[@pone.0220000.ref045]\]. Since biofilms have a significant impact on public health, there is an urgent need for antibiofilm agents. Previous studies \[[@pone.0220000.ref046]\] suggest that nisin's ability to form stable pores on prokaryotic membranes also occurs in biofilm-based bacteria, thus explaining its potent activity against *S*. *aureus* biofilms. Moreover, other studies reported an increase of the antimicrobial activity of antibiotics when combined with nisin \[[@pone.0220000.ref031]\]. Given that resistance to AMPs that target lipid II, such as nisin, does not develop easily \[[@pone.0220000.ref047]\], therapeutic protocols based on the combined administration of nisin with antibiotics may be an innovative strategy to control drug-resistant infections, such as DFIs.

This study evaluated the influence of chlorhexidine and the nisin-biogel in the inhibitory efficacy of conventional antibiotics against established biofilms formed by *S*. *aureus* DFI strains. As results demonstrate, individual antimicrobial compounds did not allow the complete elimination of the microorganisms, and the combination of different compounds resulted in an enhanced inhibitory efficacy against DFI pathogens.

Regarding biofilm inhibition, the combined action of the nisin-biogel and chlorhexidine showed the higher inhibitory effects. As observed for chlorhexidine, the nisin concentration required to inhibit biofilm cells was below its acceptable daily intake (0.13 mg/kg body weight) \[[@pone.0220000.ref048]\].

Results also showed that clindamycin and gentamicin biofilm inhibitory effects increased when combined with nisin. Both nisin and chlorhexidine exert their antimicrobial effect by disrupting the bacterial membrane \[[@pone.0220000.ref036],[@pone.0220000.ref049]\], while clindamycin and gentamicin are antibiotics that inhibit protein synthesis. The application of nisin will allow the formation of stable pores in the bacterial membrane, allowing the antibiotic penetration to the bacterial cytoplasm, thus enabling them to act on bacterial ribosomes. Vancomycin biofilm inhibitory effects also increased when combined with this AMP. Although vancomycin and nisin are members of two different classes of antimicrobial agents, both target the essential cell wall precursor lipid II, blocking the cell wall biosynthesis \[[@pone.0220000.ref050]\]. These results are in agreement with previous studies that demonstrated synergistic relationships between conventional antibiotics and lantibiotics, such as nisin \[[@pone.0220000.ref031]\].

Bacteria embedded within biofilms are more persistent and difficult to eradicate \[[@pone.0220000.ref045]\], due to inefficient diffusion or sequestering of antibiotics within the biofilm matrix and also because biofilm-based bacterial cells tend to reduce their growth rate, protein synthesis and other physiologic activities, usually targeted by conventional antibiotic \[[@pone.0220000.ref051]\]. In fact, the low eradication effect observed for gentamicin can be related with the fact that aminoglycosides effectiveness relies heavily on bacterial growth phase and extra bacterial factors, such as oxygen availability, not maintained in the biofilm microenvironment \[[@pone.0220000.ref052]\].

A previous study conducted by our team demonstrated the capability of nisin to eradicate established *S*. *aureus* biofilms, even when incorporated in a guar gum gel \[[@pone.0220000.ref027],[@pone.0220000.ref046]\]. The combination of different antimicrobial compounds allowed the higher eradication effects. Combinations of chlorhexidine plus antibiotics, nisin plus antibiotics, or even chlorhexidine plus nisin plus antibiotics, presented a higher eradication efficacy against DFI *S*. *aureus* strains than antibiotics alone. Also, since the nisin-biogel and chlorhexidine have a strong inhibitory and eradication effect against DFI *S*. *aureus* biofilms, these antimicrobial compounds could complement conventional antibiotherapy, enhancing antibiotics activity and possibly allowing to reduce the burden of antibiotic-resistant infections. Therefore, therapeutic protocols that include a first step of wound debridement, followed by antiseptic cleansing, AMP topical application and oral or systemic administration of antibiotics may represent the best approach to treat chronically infected skin ulcers and deserve further investigation aiming at their application to diabetic patients.

Supporting information {#sec016}
======================

###### 

**Table A**. **Inhibitory activity of antimicrobial compounds, alone or in combination, against biofilms formed by diabetic foot infection *Staphylococcus aureus* isolates**.

Optical density values presented in the table were measured at 600 nm. The means and standard deviations of three independent determinations are presented. The negative control mean optical density value was 0.101.

C +, positive control; Chx, chlorohexidine (6 μg/mL); Cli, clindamycin (0.033 μg/mL); Gen, gentamicin (0.238 μg/mL); NBG, nisin-biogel (22.5 μg/mL); Van, vancomycin (0.531 μg/mL). A, aspirate; ATCC, american type culture collection; B, biopsy; S, swab; Std. Dev., standard deviation.

**Table B**. **Eradication activity of antimicrobial compounds, alone or in combination, against biofilms formed by diabetic foot infection *Staphylococcus aureus* isolates**.

Optical density values presented in the table were measured at 600 nm. The means and standard deviations of three independent determinations are presented. The negative control mean optical density value was 0.101.

C +, positive control; Chx, chlorohexidine (6 μg/mL); Cli, clindamycin (0.033 μg/mL); Gen, gentamicin (0.238 μg/mL); NBG, nisin-biogel (22.5 μg/mL); Van, vancomycin (0.531 μg/mL). A, aspirate; ATCC, american type culture collection; B, biopsy; S, swab; Std. Dev., standard deviation
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Click here for additional data file.
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